Background: Surgeons have developed various reconstructive techniques to minimize the rate of pharyngocutaneous fistula and optimize functional outcome after salvage laryngectomy or laryngopharyngectomy. Methods: Multicenter retrospective review at 33 institutions of 486 patients with a history of squamous cell carcinoma (SCC) of the larynx or hypopharynx previously treated with primary chemoradiotherapy (CRT) who required salvage surgery. Outcomes evaluated were overall fistula rate, fistula requiring reoperation, and 12-month speech and swallowing function.
| INTRODUCTION
The current standard of care for most patients presenting with advanced American Joint Committee on Cancer classifications III to IV laryngeal and hypopharyngeal squamous cell carcinoma (SCC) without gross cartilage invasion is concurrent chemoradiotherapy (CRT). [1] [2] [3] This approach has been adopted with the purpose of maintaining native speech and swallowing function while providing similar survival rates to primary laryngectomy. The problem for one third of the patients is a lack of a durable response leading to salvage laryngectomy. [4] [5] [6] [7] These patients are predisposed to impaired wound healing secondary to the tissue effects of CRT. 7 Breakdown of the pharyngeal closure leads to a pharyngocutaneous fistula in approximately 33% of patients. [8] [9] [10] [11] Pharyngocutaneous fistula increases morbidity, prolongs hospitalization, and is the most common cause of wound-related death in the patient with postsurgical head and neck cancer. [11] [12] [13] [14] In response to the high pharyngocutaneous fistula rate, surgeons have developed a variety of reconstructive techniques, such as the use of salivary bypass tubes and vascularized tissue [Correction added on 11 December 2018 after first online publication: Douglas B. Chepeha's name was originally displayed separately from the complete author group. The byline has been corrected to "Microvascular Committee of the American Academy of Otolaryngology-Head & Neck Surgery."] augmentation as alternatives to primary closure of the pharyngeal mucosa without vascularized tissue augmentation. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] There is significant institutional and surgeon variation in reconstructive technique after salvage surgery. In this retrospective study, we reviewed the reconstructive approach to hypopharyngeal defects after salvage laryngectomy for patients who failed concurrent CRT to determine the impact on the frequency of pharyngocutaneous fistula, rate of fistula requiring reoperation, "understandability of speech," and "nutritional mode."
| MATERIALS AND METHODS

| Study design
This is a multicenter retrospective review of hypopharyngeal reconstruction in patients with a history of SCC of the larynx and hypopharynx previously treated with CRT who underwent salvage laryngectomy. Patients were identified by members of the American Academy of OtolaryngologyHead and Neck Surgery Microvascular Committee at their respective institutions. Data were collected from the medical record using study-specific datasheets. Each institution obtained site-specific institutional review board approval.
| Eligibility criteria
All patients had a history of SCC of the larynx or hypopharynx treated with concurrent CRT with curative intent. Patients were eligible for inclusion if they underwent laryngectomy after completion of CRT for either persistent or recurrent SCC, or for chondronecrosis of the larynx between January 1, 2002, and January 1, 2010. Laryngectomy procedures included total laryngectomy, total laryngectomy with partial pharyngectomy, or total laryngopharyngectomy. Patients with a history of laryngectomy were excluded from the study, as were patients for whom the reconstructive approach or the primary end point of fistula formation was unknown.
| Population characteristics
There were 497 patients from 33 institutions who met eligibility criteria. Data were missing regarding the primary outcomes and explanatory variables in 11 patients leaving 486 patients for analysis (Table 1) .
| Variables under study
Patient demographics and covariates are reported in Table 1 . Age was reported at the time of reconstruction. For smoking, cumulative pack-years was collected in a linear fashion from 1 to 59 and ≥60 years. Alcohol use was defined as ≥3 drinks per day. "Never" alcohol use was defined as <3 drinks per day.
Surgical defect was categorized as total laryngectomy, total laryngectomy with partial pharyngectomy, or total laryngopharyngectomy. Reconstructive approach included primary closure with no vascularized tissue augmentation, vascularized tissue augmentation with muscle, or vascularized tissue augmentation without muscle (Table 2) . Donor site complications were collected. Nasogastric tube use, salivary bypass tube use, and cricopharyngeal myotomy were recorded.
The primary outcome variable was pharyngocutaneous fistula. Three categories of fistula were collected and were not mutually exclusive: (1) overall fistula rate (total fistula rate); (2) fistulas requiring reoperation; and (3) fistulas not requiring reoperation. The time to the final healing of the fistula was recorded.
Secondary outcome variables were nutritional mode, understandability of speech at 12 months postoperative (or best functional status if the patient died or was lost to follow-up before 12 months), and death within 1 year. Twelve-month nutritional mode was scored on each patient using a 6-point scale in which patients were categorized as: (1) taking nil by mouth; (2) tube feeds with a trial of oral intake; (3) combined oral and tube feeds; (4) nutritional supplements alone taken by mouth; (5) oral intake with nutritional supplements; and (6) oral intake alone. This was dichotomized into those having good 12-month nutritional mode (score of 5 or 6) and those with poorer nutritional mode. Twelve-month understandability of speech was scored on each patient using a 5-point scale in which patients were categorized as: (1) never understandable; (2) difficult to understand; (3) usually understandable but may need face-to-face contact; (4) understandable most of the time but may need repetition; and (5) always understandable. This was also dichotomized into those having good 12-month understandability of speech (score of 4 or 5) and those with poorer understandability of speech.
| Statistical analysis
Initially, patients were analyzed in groups based on defect type, which was separated into total laryngectomy, total laryngectomy with partial pharyngectomy, and total laryngopharyngectomy. Univariate analysis was performed to quantify the frequency of each variable under study and the conditions of each variable. Bivariate analysis was then performed with the primary outcomes of overall fistula formation, fistulas requiring reoperation, 12-month "understandability of speech," and 12-month "nutritional mode." For the analysis of 12-month "understandability of speech" and 12-month "nutritional mode," only patients with a minimum of 12 months of follow-up were included. To evaluate follow-up bias, patients who were lost to follow-up within 1 year were compared across the variables under study to the remainder of the cohort. There was no difference in demographic or disease variables between the lost to follow-up group and the remainder of the cohort.
| Statistical analysis: Preparation of the cohort for multivariable analysis
For the multivariate analysis the total laryngectomy group and the total laryngectomy with partial pharyngectomy group were combined into 1 group. This step was taken after evaluating the raw data and the bivariate statistical tests. We are not presenting these steps in the Results section because this process was part of our methods for cleaning and preparing the data for the statistical analysis that yielded the results. The tabular data seen in Table 3 and Table 4 show that there seems to be an advantage to using vascularized tissue augmentation. Within the vascularized tissue augmentation group there were a number of variables under consideration, such as "donor site," "pedicled tissue," "free tissue," "technique of inset," and "use of muscle." The "use of muscle" had the largest effect size (lower P value), although this effect of muscle seems to be reversed between the total laryngectomy and total laryngectomy with partial pharyngectomy groups. Therefore, the next step was to consider the quality of the variables with the intention of using the variables that were likely to be of the highest quality. The variables, such as "donor site," "pedicled tissue," "free tissue," "technique of inset," and "use of muscle," would be easier to discover during a retrospective review of the patient's medical record (therefore, higher quality) than the amount of pharynx resected. The difficulty with estimating the amount of pharyngeal resection was anticipated during the design phase of the study. In response to this anticipated difficulty, the data sheets included a figure to help differentiate a total laryngectomy from a total laryngectomy with partial pharyngectomy; however, when choosing the variables that were most reliable in the medical record, the cut point between a total laryngectomy and a total laryngectomy with partial pharyngectomy may not be well defined. After making the decision to combine the total pharyngectomy and total laryngectomy with partial pharyngectomy groups, the next consideration was to look for differences in hypopharyngeal closure techniques. During the design phase of the study there were differences in closure technique that the surgeons hypothesized would make a significant difference. For the laryngectomy group, there were 2 techniques of inset that were reported by the participating institutions. The first was "pharyngeal onlay," which involves an onlay of vascularized tissue onto a primary pharyngeal closure. The second technique is a "cutaneous pharyngeal inset" into the closure even if the closure could be performed primarily. The study team hypothesized that there would be statistically important differences between these closure techniques. The initial analysis showed that there were only 34 patients who underwent cutaneous pharyngeal inset in the laryngectomy group. The overall fistula rate for patients who underwent cutaneous pharyngeal inset was 29% (10/34) versus 38% (21/56; P = not significant), and the fistula rate requiring reoperation was 9% (3/33) versus 11% (5/56; P = not significant). From evaluation of these raw data it was clear that a larger sample would be required to evaluate closure technique (Table 5 and Table 6 ).
| Statistical analysis: Multivariable analysis
The multivariate analysis was performed using a backward selection model of first-order variables to analyze our cohort. First-order variables were those variables in which <10% of the data was missing. These variables included age, interval between CRT and reconstruction, immunosuppression, body mass index (BMI), smoking and alcohol use, cricopharyngeal myotomy, salivary bypass tube, and the closure type as defined by primary closure without vascularized tissue augmentation, vascularized tissue augmentation with muscle (eg, pectoralis, anterolateral thigh with muscle or latissimus dorsi), or vascularized tissue augmentation without muscle (eg, radial forearm, anterolateral thigh without muscle). When evaluating speech and "nutritional mode" as our outcome, the overall fistula rate and the presence of a fistula requiring reoperation were additional first-order variables in the model. For 12-month "understandability of speech," the model also included the use of a tracheoesophageal prosthesis. In our multivariate analysis, the overall fistula rate was 2.9 times (95% confidence interval [CI] 1.6-5.2; P < .001) higher with primary closure compared to vascularized tissue augmentation without muscle and 1.9 times higher when primary closure was compared to vascularized tissue augmentation with muscle (95% CI 1.2-3.2; P < .001). The overall fistula rate was not significantly lower with vascularized tissue augmentation with muscle compared to vascularized tissue augmentation without muscle (odds ratio [OR] 1.5; 95% CI 0.8-2.7; P =.20; Figures 1 and 2 ). In the Methods section, the preparation of this cohort for analysis is described.
| Total laryngopharyngectomy
Multivariable analysis showed there were no differences in overall fistula rate when we compared reconstruction with muscle, age, interval between CRT, immunosuppression, BMI, smoking and alcohol status, cricopharyngeal myotomy, and salivary bypass tube use (Figures 3 and 4 ).
| Fistula requiring reoperation 3.2.1 | Total laryngectomy with or without partial pharyngectomy
Similar to our analysis of overall fistula rate, fistula requiring reoperation was 2.6 (95% CI 1.2-5.8; P = .02) times more likely to develop with primary closure compared to vascularized tissue augmentation without muscle and 2.1 (95% CI 1.1-4.1; P = .03) times more likely to develop with primary closure compared to vascularized tissue augmentation with muscle. However, fistula rate requiring reoperation was not significantly lower with muscle compared to vascularized tissue augmentation without muscle (OR 1.2, 95% CI 0.5-2.9; P = .64; Figures 1 and 2 ). In the Methods section, the preparation of this cohort for analysis is described.
| Total laryngopharyngectomy
Consistent with our other models, vascularized tissue augmentation with muscle versus without muscle did not have a significant difference in the rate of fistula requiring reoperation ( Figure 3 ). There were no variables in the model that were significant. The BMI and alcohol consumption showed the lowest P values. Low BMI and alcohol consumption of 3 or more drinks per day were nonsignificantly associated with a higher rate of fistula requiring reoperation (P = .18 and P = .12, respectively; Figure 4 ). The multivariate analysis showed that patients reconstructed with tissue containing muscle had worse 12-month swallowing outcomes compared with other reconstructive approaches ( Figure 1 ). Better "nutritional mode" scores (score of 5 or 6 of a best possible score of 6) were modeled against worse nutritional scores (scores 1-4). Worse "nutritional mode" scores were 3.3 (95% CI 1.8-6.3; P < .01) times more likely with reconstruction with vascularized tissue augmentation with muscle when compared to primary closure. Worse "nutritional mode" scores were 2.2 (95% CI 1.2-4.0; P = .03) times more likely with vascularized tissue augmentation with muscle compared to vascularized tissue augmentation without muscle. The "nutritional mode" scores after primary closure was not statistically different from the "nutritional mode" score for vascularized tissue augmentation without muscle (OR 0.78; 95% CI 0.41-1.48; P = .44; Figure 2 ). Worse "nutritional mode" scores were 2.1 times (95% CI 1.0-4.4; P = .04) more likely when a salivary bypass tube was used. A patient who developed a fistula requiring reoperation was 3.3 times (95% CI 1.6-6.9; P = .004) more likely to demonstrate poor swallowing outcomes. Patients with fistulas not requiring reoperation did not differ significantly from those without fistulas (OR 1.2; 95% CI 0.6-2.3; P = .2; Figure 2 ). In the Methods section, the preparation of this cohort for analysis is described.
The multivariate analysis revealed that there was a trend (P = .06) toward worse "nutritional mode" scores with reconstruction containing muscle compared to reconstruction without muscle (Figure 3) . Alcohol use and fistulas were important in the multivariable model. Patients who had never consumed alcohol were 7.6 times (95% CI 1.7-35.2; P = .009) more likely to have worse "nutritional mode" scores than patients consuming 3 or more drinks per day at the time of reconstruction. Past alcohol consumption of 3 or more drinks per day was not statistically different from current alcohol use of 3 or more drinks per day (P = .07). Worse "nutritional mode" scores were 3.4 (95% CI 1.02-11.0; P = .046) times more likely when patients experienced fistula requiring reoperation and 11.0 (95% CI 2.5-48.8; P = .002) times more likely when patients experienced fistulas not requiring reoperation. Fistula requiring reoperation was not statistically different from fistula not requiring reoperation (Figure 4 ).
| Speech outcomes 3.4.1 | Total laryngectomy with or without partial pharyngectomy
In the multivariate analysis, better 12-month "understandability of speech" scores (score of 4 or 5 of a best possible score of 5) were modeled against worse speech scores (scores of 1-3). Worse "understandability of speech" was 4.8 (95% CI 2.1-10.6; P = .01) times more likely with vascularized tissue augmentation containing muscle compared to primary closure. Worse "understandability of speech" scores (Figure 1) . Immunosuppression, alcohol use, and fistula both requiring and not requiring reoperation were also important in our model. Worse "understandability of speech" scores were 8.3 (95% CI 3.1-21.9; P < .001) times more likely if the patient developed a fistula requiring reoperation. However, there was no statistical difference in score in "understandability of speech" if a patient developed a fistula that did not require operation compared to those with no fistula scores were 2.3 (95% CI 1.03-5.2; P = .6). Worse "understandability of speech" scores were 3.6 (95% CI 1.2-10.8) times more likely for patients who experienced a fistula requiring reoperation compared with patients who experienced a fistula that did not require reoperation. Worse "understandability of speech" scores were 2.9 times (95% CI 1.3-6.1; P = .007) more likely for patients who had any immunosuppression including type II diabetes. Worse "understandability of speech" was 2.5 (95% CI 1.1-5.4; P = .016) times more likely for patients who consumed 3 or more drinks per day at the time of reconstruction compared with patients who had never used alcohol; however, there was no significant difference between current and past consumption of 3 or more drinks per day (Figure 2 ). In the Methods section, the preparation of this cohort for analysis is described.
| Total laryngopharyngectomy
In our multivariate analysis, reconstruction containing muscle, the use of a salivary bypass tube, and interval between CRT and reconstruction were important in our model. Worse "understandability of speech" scores were 4.9 (95% CI 1.2-20.5; P = .03) times more likely to be associated with reconstruction with muscle (95% CI 1.2-20.5; P = .03) and were 3.8 (95% CI 1.1-13.1; P = .048) times more likely to be associated with the use of a salivary bypass tube (Figure 3) . Worse "understandability of speech" scores were associated with interval from CRT <6 months and >12 months. Reconstruction >12 months after CRT was 5.3 (95% CI 1.1-25; P = .017) times more likely to be associated with worse speech score than reconstruction 6 to 12 months after CRT (Figure 4) . 
| Death in the first year
For the patients who died in the first year, a multivariable regression was performed. The 2 variables associated with death in the first year were the presence of a fistula requiring reoperation and the use of muscle in the reconstruction. The fistula rate requiring reoperation was 33% (20/61) for the patients who died in the first year versus 20% (68/342) for patients who did not die in the first year. A fistula requiring reoperation was 2.2 (95% CI 1.2-4.4; P = .01) times more likely to be associated with death in the first year. Patients reconstructed with vascularized tissue augmentation with muscle were 1.8 (95% CI 1.0-3.4; P = .04) times more likely to have died within the first year compared with patients reconstructed with vascularized tissue without muscle and 2.3 (95% CI 1.2-4.4; P = .009) times more likely to have died within the first year compared to those with primary closure.
4 | DISCUSSION
| Fistula total laryngectomy and total laryngectomy with partial pharyngectomy
Pharyngocutaneous fistula is the leading cause of surgical morbidity and mortality after salvage laryngectomy. Several reconstructive approaches have been devised in an attempt to reduce this risk. This is the largest multicenter study of reconstruction for salvage for total laryngectomy, total laryngectomy with partial pharyngectomy, and total laryngopharyngectomy to date, and it shows that overall fistula rate and fistula requiring reoperation were significantly reduced when the pharynx was reconstructed with vascularized tissue compared to primary closure alone. This is a central finding in this article, which corroborates several earlier studies looking at the benefits of reconstruction using vascularized tissue. 17, 21, 26, 28, 29, [34] [35] [36] However, vascularized tissue augmentation with muscle was not significantly better than vascularized tissue augmentation without muscle. This is in contrast to a recent report by Patel et al in patients undergoing salvage total laryngectomy after radiotherapy or CRT. In that report, primary closure had a 34% fistula rate as opposed to 24% with a cutaneous pharyngeal inset and 15% for a pectoralis onlay flap. 28 It is difficult to explain the reasons for the difference in the results but it is possible that patients who underwent a pectoralis onlay flap had less extensive resections. This study restricted the inclusion criteria to CRT whereas the Patel et al 28 study included patients with radiotherapy alone. In addition, patients who undergo radiotherapy as a single modality rather than CRT are likely to be treated with a smaller radiation volume. Finally, wounds treated with CRT tend to be associated with more wound-related complications than wounds treated with radiotherapy. 35 At the outset, the study team was convinced that this retrospective study would elucidate associations with specific reconstructive techniques or specific reconstructive donor sites. The initial analytic approach incorporated this hypothesis but, despite many different groupings and statistical modeling approaches, a specific technique or donor site did not emerge as a clear best option. A weakness of any retrospective study is treatment bias; it is likely that surgeons participating in this study would have increased the extent of the reconstructive intervention as they perceived an increasing risk of postoperative fistula. As a result, it was not possible to show an advantage for a specific reconstructive approach for a specific defect. Another limitation is the combination of the total laryngectomy and total laryngectomy with partial pharyngectomy defects. It would have been more interesting to have separate total laryngectomy and total laryngectomy with partial pharyngectomy groups but there was too much variance within the variables to analyze the large number of reconstructive approaches reliably. However, there is a strong association between the use of vascularized tissue augmentation and reduction of fistula.
| Death in the first year
This multivariable regression was run to determine whether there was an outlying reconstructive variable that was leading to death in the first year. Fistula requiring reoperation is an important variable that is associated with death in the first year. This association suggests that surgeons should try to make reconstructive choices (for example, the use of vascularized tissue augmentation) that are associated with reduced death rate in the first year. The association of vascularized tissue augmentation with muscle and death in the first year is more difficult to interpret. It is unlikely that there is a causal factor between the choice of muscle and death in the first year. It is more likely that patients at higher overall risk were undergoing reconstructions containing muscle.
| Swallowing and speech total laryngectomy and total laryngectomy with partial pharyngectomy
The use of vascularized tissue augmentation with muscle was associated with worse functional outcomes. Swallowing outcomes were not significantly different between primary closure and vascularized tissue augmentation without muscle. Specifically, reconstruction with muscle led to poorer swallowing outcomes with a lower proportion of patients being able to eat a regular diet and a higher proportion dependent on a feeding tube.
A similar pattern was seen when evaluating speech outcomes in our cohort. There was no statistically significant difference in the "understandability of speech" at 12 months when comparing primary closure to vascularized tissue augmentation without muscle. However, reconstruction with muscle was associated with worse "understandability of speech." This is an important finding because one of the major goals of reconstruction is to rehabilitate laryngeal speech function.
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FIGURE 4 Multivariable analysis of important associations for patients undergoing total laryngopharyngectomy. Odds ratio (OS) with 95% confidence limits is shown for the 4 major outcomes. A, Overall fistula rate. B, Fistula rate requiring reoperation. C, Twelve-month nutritional mode (5 or 6) score. D, Twelve-month understandability of speech (4 or 5) score. Better or worse likelihood for the outcome of interest is marked above each of the tables. CRT, chemoradiotherapy
The pectoralis donor site was used for the majority of the vascularized tissue closures with muscle. The associations with impaired functional outcomes may be due to characteristics that are unique to the pectoralis donor site, such as large muscle volume and downward traction along the axis of the pedicle. This is in contrast to the muscle paddle from other donor sites, such as the vastus lateralis in the case of the anterolateral thigh flap, which can be extensively customized to fit the reconstructive needs. However, this project is an association-based investigation and no clear conclusions can be drawn about the specific mechanism related to the impaired functional outcomes. The association between pectoralis major myocutaneous flap and decreased functional outcomes has been noted in previous studies. Patients reconstructed with a pectoralis flap were noted to have a higher rate of nasogastric tube (NG-tube) dependence compared with patients reconstructed with free tissue. 16 It is possible that the association of impaired functional outcomes to muscle could equally be due to "organized surgical decision making" in which surgeons elected to use the pectoralis donor site for the reconstruction of patients who had more comorbidities or a subjective assessment of poorer prognosis. When Patel et al 28 evaluated the use of the pectoralis donor site, there was no specific assessment of functional outcome; therefore, there is not a comparison that can be made to help understand this finding. Future studies comparing speech and swallowing function after reconstruction with pectoralis muscle and free muscle could certainly help to address this important question.
| Outcomes total laryngopharyngectomy
The findings from this study do not show a reconstructive advantage with using muscle for the purpose of mitigating fistula for patients undergoing total pharyngolaryngectomy. There is certainly room for further study. The findings with respect to functional outcomes are interesting. These data suggest that speech and swallowing are worse when muscle is used for the total laryngopharyngectomy defect. In addition, a salivary bypass tube is also associated with poorer outcomes, without being associated with a benefit for fistula reduction.
As previously indicated, it is important to recognize that this study can only identify an association and not causality. There may be a selection bias that patients who are expected to have a poorer outcome are more likely to have the muscle in the reconstruction, which may account for the higher 1-year mortality in patients with vascularized tissue augmentation with muscle. Selection bias may also affect the equivocal association of salivary bypass tubes with fistula and "nutritional mode" and of poorer outcomes to understandability of speech. Interestingly, patients who continued to consume alcohol had better swallowing outcomes. This association may suggest that early swallowing may improve swallowing outcomes.
It is important to understand that the analysis of speech and swallowing outcomes was performed on the patients who survived at least 12 months. The purpose of the approach was to assess what variables were important when a mature reconstructive result was achieved. Therefore, it is likely that the associations seen with speech and swallowing are mature findings and not an outcome that is biased by postsurgical recovery or patient behavior that is transient. A disproportionate number of patients who were reconstructed with muscle died during the first year. As a result, there were disproportionately fewer patients to evaluate who were reconstructed with muscle at the time point >12 months. Nevertheless, reconstruction with muscle was associated with poorer speech and swallowing outcomes. It is difficult to know whether this finding is a selection bias on the part of the surgeon who elected to use muscle in the reconstruction because of the expectation that the patient was not going to do well or whether the use of muscle is a real effect modifier that has a negative impact on speech and swallowing outcome without an advantage of reducing fistula rate for patients undergoing salvage surgery after the failure of primary CRT.
| CONCLUSION
In this cohort, primary closure was associated with a statistically higher fistula rate compared to vascularized tissue augmentation. The presence or absence of muscle in the reconstruction did not significantly alter the fistula rate. Vascularized tissue augmentation with muscle led to worse speech and swallowing function compared to primary closure or vascularized tissue augmentation without muscle. This finding could be due to inherent features of the pectoralis muscle donor site or it could be due to treatment selection bias by surgeons who used this donor site. Swallowing and speech were not statistically different when comparing vascularized tissue augmentation without muscle and primary closure.
